INTRODUCTION
Fixed cellular wireless technology provides a means to offer broadband access to multimedia services without requiring extensive copper or fiber subscriber plant. Relatively wide unused spectrum at frequencies above 20 GHz has led to the development of fixed broadband wireless access (FBWA) systems operating in these bands. Local multipoint distribution system (LMDS) exemplifies such a class of systems [1] . As part of a large-scale university-industry Canadian Institute of Telecommunications Research (CITR) project investigating systems, propagation, RF implementation, and signal processing aspects of LMDS, a study was performed of LMDS coverage issues, with the aid of earlier propagation measurements that had been carried out as part of the overall project [2] . In this article we outline the method and results of this study, and their consequences for the deployment of LMDS systems.
Link budget and required signal-to-noise ratio (SNR) considerations imply relatively high minimum signal power requirements (proportional to the information bandwidth) in broadband wireless systems. Thus, successful provision of broadband wireless access to residential and small business customers strongly depends on overcoming high path losses to supply sufficient received power at most (e.g., 80-95 percent or more) potential customer locations, even those that do not have a direct unobstructed radio path to a nearby base station. Such non-line-ofsight (NLOS) locations will experience relatively high path loss [3] . The path losses caused by obstructions, such as buildings and trees, and precipitation are in general much higher for signals in the millimeter-wave frequency bands than for those at the lower frequency bands used by cellular and wireless LAN systems. Service providers and system vendors try to maximize coverage, which may be defined as the percentage of the total service area for which the path loss is below a certain given value (or equivalently, the received power is above the noise floor by a specified SNR value). Thus, coverage and measures to enhance it, especially in environments with significant NLOS locations, is important.
Coverage can be improved by increasing the maximum tolerable path loss (MTPL). This could be done with transmitter and receiver modifications, such as: 
ABSTRACT
The upper SHF and EHF radio bands (above about 20 GHz) offer abundant available bandwidth for access to metropolitan area networks by fixed broadband wireless access systems. However, these systems must withstand significant propagation impairments, especially shadowing by obstacles and rainfall attenuation. We describe recent results of propagation measurements and modeling of coverage, and consequences for FBWA system design, notably antenna placement, use of repeaters, and diversity. High (> 90 percent) coverage generally requires line-of-sight placement, although some non-line-of-sight coverage is possible for short distance and with judicious use of repeaters and macrodiversity.
Coverage Enhancement Methods for LMDS
the extreme case, using microcells, with a high density of base stations.
• Using cell-site diversity (macrodiversity), whereby subscribers point their antennas toward base stations giving them the strongest signal, or combine signals from several base stations. A more complex soft handoff strategy would be to optimally combine signals from several base stations. • Using radio repeaters that amplify and retransmit weak downlink signals from base stations to subscribers and uplink signals from subscribers to base stations. This article summarizes the results of a study of the effectiveness of coverage enhancement measures as a function of MTPL [4, 5] . The study was based on the application of a quasiempirical path loss model to a real residential suburban neighborhood, represented by a geographical terrain database. The path loss model was derived from ray tracing and other analytical techniques supplemented by 28 GHz path loss data measured in the same residential area [2] . Following a brief review of coverage modeling and measurements, we describe the methodology and results of path loss simulations. The results are interpreted to assess the effectiveness of coverage enhancement measures. The article concludes with a brief discussion of other LMDS propagation impairments and remedies.
COVERAGE MODELING
Previous studies of path loss and coverage in millimeter-wave distribution systems include [3, 6] . The former reference empirically estimates coverage in two suburban areas from received power measurements in those areas. Its coverage results are expressed as a function of maximum tolerable path loss, and its conclusions are broadly similar to those reported here with respect to base station height and cell size. Statistical path loss models have been used to assess coverage and signal-to-interference ratio statistics [7] .
We have taken a modeling-based approach aided by empirical measurements. To assess various coverage enhancement measures in realistic suburban environments, we have used a propagation model that takes into account geographical information, diffraction, and obstruction by trees and buildings, reflections, and additional effects of precipitation. Earlier modeling approaches (e.g., [8] ) took into account building blockage, but not foliage, diffraction, or precipitation.
Our model was specifically tuned to match measurements made under the following conditions at about 80 sites in the Parkwood Hills area of Ottawa:
• A carrier frequency of 28 GHz.
• Transmitting and receiving antenna heights of 40 m and 5 m above ground level, respectively (representative of base station and subscriber antenna heights, respectively).
• Antenna separations ranging from 250 m to 2.5 km. Measured paths included both line of sight (LOS) and NLOS.
• A suburban residential area, characterized by relatively flat terrain, the existence of predominantly one-and two-story buildings with a density on the order of 750 buildings/km 2 , and mature trees covering roughly 20 percent of the ground area. The measurements were made in early fall, when leaves were still on the trees. The modeling and treatment of the observed empirical path loss measurement data was not based on and not limited by discrimination between LOS and NLOS cases. A key goal of the work was to avoid the assumption that any obstructions of the LOS automatically precluded the site from having coverage. Instead, a much more sophisticated model was used, based on a detailed 3D terrain database of the area in question, which took into account: The propagation model output is a set of predicted propagation paths between A and B, consisting of one and only one direct path (having no reflections) and zero or more first-order reflection paths; details are in [5] . Each path consists of an arbitrary number of straight-line path segments separated by diffraction or reflection points, analytically modeled as in [9] . In addition, the path segments may include an arbitrary number of partial diffractions as well as intervals that intersect bodies of foliage. Each predicted path has an associated predicted scalar path loss value that represents shadowing and applies equally to transmissions in either direction along the path. The predicted path set, as well as the paths themselves, are approximations that represent the most significant (i.e., least loss) paths that exist between A and B. Figure 1 shows an example of a set of predicted paths between two points.
The model is site-specific, refined by a detailed terrain database of the area in question. Fading is not modeled explicitly, only indirectly through the use of an assumed fade margin. The prediction of first-order reflection paths is based on the method of images. Only building walls are treated as potential reflectors; furthermore, only a subset of all buildings in the terrain database are tested for reflection, consisting of those buildings that are either taller than the surrounding ground clutter or near enough to the shorter of the two antenna positions. In practice, a high number of propagation paths may exist between the two endpoints, generally involving multiple diffractions by ground objects as well as transmission through foliage. A partially greedy algorithm is used to determine the least loss path only between the endpoints in each case. This algorithm is iterative, involving only currently obstructing ground objects, and making use of heuristics to prune what is effectively a search through all possible propagation paths that extend between the endpoints.
The final form of predicted path loss generally includes the classically modeled effects of diffraction, reflection, foliage, and rain attenuation, modified by parameters α, β, γ, and δ derived to match measured path losses with values predicted from the model. Scalar path loss consists of a clear sky path loss component and a rain attenuation component. The clear sky component consists of the predicted free space loss and predicted excess path loss. The excess path loss consists of the combined reflection, diffraction, and transmission loss, multiplied by the parameter γ and added to another parameter δ. Based on the field measurement data, the reflection loss is set to 0 dB. The diffraction loss due to single diffractions (including partial diffractions) by buildings or trees is determined by the knife edge diffraction model [9] . Furthermore, the predicted loss due to diffraction by trees is further reduced by a third parameter, α. The loss due to multiple diffraction is found using a form of weighted summation using a fourth empirical parameter, β, to determine the degree to which each individual diffraction loss affects the net multiple diffraction loss. The transmission loss through foliage is estimated as a nonlinear function of the total depth of penetration. The parameters (α, β, γ, δ) were determined by minimizing a cost function of the difference between predicted and measured path loss values. The cost function consists of three weighted terms: the standard deviation of error, the correlation between predicted and measured values, and the mean error. The weighting factors were selected via trial and error to result in good overall fit. It was found that simpler cost functions (e.g., based on correlation only) or the use of arbitrary weighting factors did not result in useful models.
Rain attenuation is modeled as spatially uniform and linearly dependent on the total path length; consequently, the computed value is found by multiplying a given specific rain attenuation value of interest by the total length of all path segments. Actual rain attenuation is spatially nonuniform, with heavy rain showers tending to occupy small areas and move rapidly across a landscape. Thus, the coverage results presented here could be conservative for heavy rain attenuation conditions, since site selection adaptivity of the subscriber's antenna could exploit nonuniform rain distributions to improve coverage and availability. Reference [10] presents a study, using measured rain spatial distributions, of the effectiveness of macrodiversity.
Clear sky coverage values were computed for the entire set of measurement sites as a function of MTPL, based on both measured and predicted values. Three cases were considered:
A: With coverage based on the direct path only B: With coverage based on the single strongest received signal, whether via direct or reflected paths C: With coverage based on the optimal combining of all received signals, both direct and reflected Subsequently it was found that coverage differences between cases B and C were small. Therefore, since A is a special case of B, most evaluations were done only for case B. The propagation model was validated through the use of several metrics that quantified the agreement between predictions and measurements. In summary, the comparisons involved the direct path excess loss, the existence and power of specular reflections, and the resulting coverage at all receiver sites. The error between predicted and measured excess path loss on the direct path was found to have a mean of 3.2 dB (effectively represented by the empirical parameter δ) and a standard deviation of 9 dB. 
SIMULATION OF COVERAGE ENHANCEMENT METHODS
A number of coverage enhancing methods were evaluated by simulations based on the propagation model. In each scenario, coverage was computed for a range of values of two parameters:
• MTPL of the system • The specific rain attenuation in decibels per kilometer All coverage-enhancing methods were evaluated for the case of NLOS operation, and a subset of these were repeated for the case of LOS operation. The simulations made use of a 6 km × 6 km terrain database created by joining together copies of the terrain database of the measurement area. Coverage values derived from our model represent the cumulative distribution function of the path loss in this area. A square cell pattern, with four quarters per cell, was used throughout. Coverage was estimated by random and uniform selection of 500 subscriber buildings within a square simulation area that corresponded to an integral number (depending on cell size) of quarter cells. In the most general case, a building was deemed to be covered if a bidirectional link could be established between any of a number of potential subscriber antenna rooftop sites and any one of the four nearest base stations. Link establishment between any given pair of base station and subscriber antenna positions was evaluated by comparing the effective path loss between the two locations against the MTPL of the system. The effective path loss was computed as a function of the predicted path set and the specific rain attenuation.
TYPICAL OPERATING POINT AND BASELINE SIMULATION
For the purpose of illustration, in each set of results a typical operating point (TOP) was computed and marked corresponding to an MTPL of 147 dB and a rain loss of 7.5 dB/km. These correspond to a required temporal availability of 99.99 percent in Crane rain attenuation region D1 [11] , and with the following link budget: Transmit power = -3 dBW (downlink) and -15 dBW (uplink) Antenna gains = 12 dBi at base and 36 dBi at subscriber Bandwidth = 40 MHz (downlink) and 2 MHz (uplink) Receiver noise figure = 8 dB Fade margin = 5 dB Minimum required SNR = 13 dB, guaranteeing a differential quadrature phase shift keying (DQPSK) modulation system a maximum 10 -5 bit error rate in additive white Gaussian noise A baseline scenario was first simulated to act as a reference against which all further simulations could be compared. In it, the cell radius was 1.5 km, the base station antenna height 40 m above ground, and the subscriber antenna height 0.5 m above the rooftop. All possible subscriber locations in a cell were eligible for coverage evaluation, including NLOS locations. This baseline corresponded to a conventional system that involves no special coverage enhancing methods other than those of low cost, including:
• The use of simple macrodiversity, involving assignment of the subscriber to the strongest of the four neighboring base stations at installation time • The selection of optimal rooftop subscriber antenna sites • The possibility of link establishment by way of a single specular reflection Figure 2 shows the coverage vs. MTPL for this baseline system for various rain attenuations. The illustrative 147 dB MTPL, 7.5 dB/km rain loss TOP shows coverage of about 55 percent. This figure also illustrates the large coverage variations with rainfall for this cell size.
Removal of the ability to optimize the rooftop position degraded the baseline coverage results at the illustrative coverage point by roughly 10 percent. Removal of the macrodiversity possibility (to select the base station with minimum path loss) resulted in about 10 percent coverage degradation in rain-free conditions. The exploitation of reflections by selection or maximal ratio combining diversity proved to have only a minor impact on coverage, although it would have a beneficial effect on the fade margin. Trees, however, have a major influence; when the baseline simulation was repeated with all trees removed, the TOP coverage increased from 55 to about 88 percent.
THE EFFECT OF ANTENNA HEIGHT
The sensitivity of coverage to base antenna height is shown in Fig. 3 Raising the subscriber antenna height above the baseline value of 0.5 m also increases coverage: for each additional meter of height, coverage at the TOP increases by up to 5 percent, reaching about 92 percent for a subscriber height of 10 m above the rooftop. Figure 4 shows the TOP conditions coverage as a function of subscriber antenna height for two cases: where NLOS subscriber sites are allowed, and where they are disqualified (i.e., where only LOS sites are allowed). This indicates that not automatically disqualifying NLOS subscriber sites can add up to 10 percent to coverage for moderate subscriber antenna heights. For the area encom-
THE EFFECT OF CELL SIZE
Coverage is also obviously improved by decreasing the cell radius. Figure 5 , for a cell radius of 0.75 km, shows 95 percent coverage at the TOP. Further reduction to a 0.5 km radius gave essentially 100 percent coverage.
Coverage close to 100 percent was also achieved for microcells, with, for example 200 m radius and base antenna height of 10 m. Microcell coverage was also less sensitive to the rain attenuation parameter than the coverage for larger cells.
THE USE OF REPEATERS
The effect of nonregenerative (analog) repeaters at 10 m height was evaluated by the additional prediction of propagation paths between all base stations and a set of candidate repeater positions, and between all candidate repeater positions and all subscriber rooftop antenna sites within range of the repeater. The gain of each repeater's donor antenna (the antenna communicating with the base station), the base station antenna gain directed at the repeater, and each subscriber antenna gain were all set at 36 dBi. Each repeater's distribution antenna gain (the antenna directed toward subscribers) was set at 12 dBi. The amplifier gain of each repeater was set at 70 dB. Coverage of subscriber buildings was determined as before, with the additional possibility of link establishment via a repeater.
The use of sufficiently large numbers of well placed repeaters is effective in improving coverage. 0.4 repeaters/km 2 raises the TOP coverage to about 78 percent, and 2.2/km 2 raises it to over 95 percent. Figure 6 shows the coverage improvements resulting from 2.2 repeaters/km 2 . It is clear that a repeater can only be effective in improving coverage at a given point if both donor and distribution links have low path loss, offering essentially unobstructed paths from repeater to both base and subscriber.
SUMMARY OF RELATIVE EFFECTIVENESS OF COVERAGE ENHANCEMENT METHODS
Adequate coverage requires that the received signal power be sufficiently high in most or all potential locations to satisfy the system link budget. We have seen that subscriber rooftop site selection and macrodiversity are simple and helpful, but by themselves insufficient for high coverage (e.g., > 90 percent). The exploitation of reflected rays is only moderately helpful for coverage, but can be effective against fades. It is evident from Fig. 4 that in the type of suburban neighborhood considered in this study, increasing the subscriber antenna height above the rooftop, even if done selectively for "difficult" subscribers, is very effective. This measure would also bring more subscribers into the LOS category. However, we have also seen that a nonnegligible fraction of NLOS subscribers can also achieve satisfactory coverage. Decreasing cell radii is also effective, but its benefits must be weighed against the additional base station costs. The use of sufficient numbers (at least several per square kilometer) of in-cell nonregenerative repeaters also proves effective in increasing coverage toward 90 percent. However, they must be deployed carefully to maximize their effect. In particular, their density should be high enough to ensure that most points can be accessed by unobstructed repeaters. There are also issues of noise propagation and repeater stability. The latter problems could be eliminated by using regenerative (digital) repeaters at the expense of increased complexity and consumption of extra bandwidth for the relayed signals. The extra bandwidth problem may be a minor one for LMDSs due to the relative abundance of bandwidth in the millimeter-wave bands.
All of these methods tend to add to the costs of deploying LMDS network infrastructure and installing subscriber equipment. The coverage and these additional costs will vary with types of terrain and buildings that differ from those considered here. The relative costs of the various coverage enhancement measures were outside the scope of our study. However, installing sufficiently high antennas to enable LOS or near-LOS paths to most subscribers appears to be a necessary part of any deployment strategy. It is clear why LMDSs tend to find more applications for large corporate customers with large communications needs and budgets, and for whom the incremental cost of high antennas to ensure LOS access is relatively small.
Another obvious way to improve coverage is to use a lower frequency band for which free space path loss is lower, and diffraction and rain attenuations are less. For example, frequencies in the 2-3 GHz range are attractive for providing fixed or mobile broadband access to residential and small business customers. Although available bandwidth allocations are smaller at these frequencies, NLOS coverage is feasible due to lower path losses. Furthermore, regenerative or nonregenerative repeaters may be an especially efficient means of enhancing coverage at these frequencies since donor and distribution links need not necessarily be LOS.
OTHER PROPAGATION IMPAIRMENTS AND THEIR REMEDIES
Time variation of LMDS channels results from wind-induced movement of foliage and vehicular movement in the vicinity of the transmitting or receiving antennas. Such fading has been observed to be flat and slow (< 50 Hz fading bandwidth) [12, 13] . Placing base and subscriber antennas well above foliage and street level would diminish the fade depth. Adaptive modulation and coding rate as well as spatial or angular diversity are standard ways of diminishing the effect of fading on performance.
LMDSs can typically reuse all channels in all cells, or even in several sectors of a cell. Using highly directional subscriber antennas and alternating transmitted signal polarizations in adjacent cells and sectors effectively minimizes the resulting co-channel interference. The effectiveness of using antennas with narrow beamwidths to mitigate interference was illustrated in [7] . Adaptive or smart antennas can be used to permit very aggressive frequency reuse, and also combined with adaptive equalization [14] . Directional antennas and high attenuations associated with NLOS transmission paths also reduce the multipath delay spreads typically experienced by LMDSs. Based on measured multipath data at 29 GHz, [15] shows that relatively short time-domain equalizers are adequate for LMDS systems. At lower frequencies, where NLOS propagation plays a bigger role, more complex equalization strategies are necessary for broadband wireless systems, such as frequency-domain equalizers or the use of frequency-domain modulation methods such as orthogonal frequency-division multiplexing (OFDM).
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